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Prostaglandin and thromboxane synthesis by rat glomerular epithelial
cells. Isolated rat glomeruli have been shown to synthesize prostaglan-
din (PG) and thromboxane (Tx). In this study, we evaluated, by
radioimmunoassay and radiochromatographic methods, PG and Tx
synthesis by glomerular cells in culture. Transmission and scanning
electron microscopy showed polygonal cells, attached by desmosomes,
with surface microvilli. These features are typical of glomerular epithe-
hal cells. incubation of these glomerular epithelial cells with arachidori-
ic acid (C20:4) resulted in an array of endproducts with concentrations
of PGE2 > TxB2 > PGF2,, > 6-keto-PGF1. Addition of angiotensin II
(All) to the cultured glomerular cell produced almost exclusive stiinula-
tion of PGE2 with PGE2 >>> PGF2,, > TxB. = 6-keto-PGF1,. All and
AIlI (100 LM to I i.M) stimulated PGE2 in glomerular epithelial cells,
and the increments of PGE., as a function of the concentration of All cr
AIlI, were similar. The sar'-thr8-Ail analog inhibited both All- and
AIlI-stimulated PGE2 synthesis. The divalent cation ionophore A23 187
in concentrations of 0.2 to 2.0 .LM increased primarily PGE2 and TxB2
synthesis with smaller increases of PGF2, and 6-keto-PGF1r,. The
relative concentrations of PG and Tx produced by rat glomerular
epithelial cells, incubated with C20:4 or A23 187, were similar. Our
results demonstrate that: (1) the predominant cell grown in culture from
the rat glomerulus, after 9 days, is the epithelial cell: (2) this cell is
capable of PG and Tx synthesis; (3) stimulation of PG by All and All!
may be mediated by the same cellular receptor, A!! and All! increase
primarily the synthesis of a vasodi!atory PG, PGE,; (4) exogenous
substrate C20:4 or release of endogenous C20:4 by the divalent cation
ionophore A23 187 not only stimulates PGE, but also the vasoconstric-
tor TxA2; and (5) the PG and Tx endproducts synthesized by epithelial
cells may be determined by an intracellular coupling of the specific
synthetic enzymes with different pools of C20:4.
Synthèse de prostaglandine et de thromboxane par les cellules glomeru-
laires épithéliales du rat. II a été montrC que les glomerules isolés de rat
synthetisent des prostaglandines (PG) et du thromboxane (Tx). Dans ce
travail nous avons mesuré par des méthodes radio-immunologiques Ct
radiochromatographiques, Ia synthese de PG et de Tx par des cellules
glomerulaires en culture. La microscopie électronique par transmission
et par balayage montre des cellules polygonales, attachées par des
desmosomes, avec des microvillosités de surface. Ces caractères sont
particuliers aux cellules epitheliales glomerulaires. L'incubation de ces
cellules épithéliales avec l'acide arachidonique (C20:4) a pour consé-
quence une série de produits finaux avec des concentrations de PGE2>
TxB2 > PGF2 > 6-keto-PGF1,,. L'addition d'angiotensine II (All) aux
cellules glomérulaires en culture determine une stimulation presque
exclusive de PGE2 avec PGE, >>> PGF2, > TxB = 6-keto-PGF10.
A!! et AllI (100 .tM a I p.m) stimulent PGE2 dans les cellules épithéliales
glomérulaires et les augmentations de PGE,, en fonction de La concen-
tration d'AlI ou d'Allt, étaient similaires. L'analogue sar'-thr8-AlI
inhibe les syntheses de PGE2 stimulCe par All et All!. L'ionophore des
cations divalents, A23187, a des concentrations de 0.2 a 2,0 .LM
augmente surtout Ia synthese de PGE2 et TxB2 et moms celles de PGF2
et 6-keto-PGF1,. Les concentrations relatives de PG et Tx produites par
des cellules Cpithéliales glomérulaires de rat incubées avec C20:4 on
A23187 sont semblables. Nos résultats démontrent que: (I) les cellules
qui prédominent dans les cultures de glomérules de rats aprés 9 jours
sont les cellules epithCliales; (2) ces cellules sont capables de synthC-
tiser PG et Tx; (3) Ia stimulation de PG par All et Alit peut avoir Ic
même récepteur cellulaire comme médiateur, All et AllI augmente
surtout Ia synthese d'un PG vasodilatory, PGE,; (4) le substrate
exogene C20:4 ou délivrance de C20:4 endogene par l'ionophore des
divalents A23l87 ne stimule pas seul mais aussi Ic vasoconstrictor
TxA2; et (5) Ic produits finaux de PG et Tx synthèse par cellules
epitheliales peut avoir un coupling intracellulaire de Ie enzymes synthe-
tique specific avec pools different de C20:4.
The glomerular production of prostaglandins (PG's) may be
important in the control of renal blood flow, glomerular filtra-
tion, and renin secretion. Smith and Bell [1] provided indirect
evidence for PG synthesis by glomeruli through their demon-
stration of cyclooxygenase immunofluorescent staining in bo-
vine and ovine glomeruli. With chromatographic methods and
radioimmunoassay, glomerular synthesis of PG's has been
demonstrated directly in rat glomeruli [2—41. Furthermore,
Sraer et al [51 have shown synthesis of radioimmunoassayable
PGE2, PGF2a, and 6-keto-PGF1. in cultured rat glomerular
epithelial and mesangial cells incubated with arachidonic acid
(C20:4). The physiologic importance of glomerular PG's is
unknown. Dunn, Liard, and Dray [61 have demonstrated, in the
dog, an inverse correlation between reductions in renal blood
flow after angiotension II (All) infusions and increments in
PGE2 secretion in renal venous plasma. Following inhibition of
the fatty acid cyclooxygenase with indomethacin, Aiken and
Vane showed potentiation of angiotensin-mediated renal vaso-
constriction [7]. Baylis and Brenner [8] observed augmentation
by indomethacin and meclofenamate of the actions of A!! on
single nephron glomerular filtration rate and glomerular capil-
lary plasma flow rate. These studies suggest that PG's may
antagonize angiotensin-induced hemodynamic changes.
Angiotensin has been shown to stimulate PG synthesis in
vivo [6, 9], in the isolated perfused kidney [101, and in renal
medullary interstitial cells or endothelial cells in culture [II,
469
Received for publication July 17, 1980
and in revised form January 27, 1981
0085-253818110020-0469 $01.20
© 1981 by the International Society of Nephrology
470 Petrulis et a!
Fig. 1. Transmission electron microscopy ofglomerular cells 9 days after inoculation of rat glomeruli. Note the microvilli (arrow) and the
desmosomes (D) which are typical of epithelial cells (x8,500) Inset shows high-power electron micrograph of desmosomes (x23,000).
12]. Sraer Ct al recently reported that 10 nM All doubled PGE2
synthesis by glomerular epithelial and mesangial cells in culture
[13]. The effect of All is secondary to increased deacylation of
phospholipids and, therefore, increased availability of arachi-
donic acid [11], The divalent cation ionophore A23187 also
stimulates PG synthesis [14, 15]. The mechanism of action is
thought to be nonspecific stimulation of the calcium-requiring
phospholipase [14].
Our purposes in the present study were fourfold: (1) to grow
glomerular epithelial cells; (2) to characterize the arachidonate
endproducts produced by these cells; (3) to evaluate angioten-
sin stimulation of these cells; and, (4) to evaluate the effects of
the divalent cation ionophore A23187 on PG and Tx synthesis
by glomerular epithelial cells.
Methods
Glomerulur isolation and cellular culture. Kidneys were
removed from ether-anesthetized Sprague-Dawley rats, each of
which weighed 150 g. Cortices were isolated, minced, and
pressed through 105-p.m and 75-p.m sieves [2J. Glomerular
purity was assessed by light microscopy and always exceeded
90%. Glomeruli were suspended in media, and approximately
2,000 to 3,000 glomeruli were inoculated into CoStar 35-mm
tissue-culture dishes. The medium was that described by Kreis-
berg, Hoover, and Karnovsky [161: RPMI-1640 medium buff-
ered with 15 mM N-2-hydroxyethylpiperazine, N'-2-ethanesul-
fonic acid (HEPES, Gibco) supplemented with 20% decomple-
mented fetal bovine serum and diluted in half with conditioned
medium from Swiss 3T3 cells, plus 0.66 U of insulin (Sigma) per
milliliter. Culture dishes were incubated in a 95% air and 5%
carbon dioxide environment at 37° C. After 9 days, fewer than
20% of the glomeruli were adherent but cellular outgrowth from
adherent glomeruli, which neared confluency, was evident.
Electron microscopy. After 9 days of growth, glomerular cells
were gently scraped from the culture dishes, centrifuged, and
prepared for electron microscopy. The pellet was fixed in 2,5%
glutaraldehyde, 4% sucrose, and 0.1 M cacodylate buffer (pH,
7.4) for 1 hour and processed for transmission and scanning
electron microscopy in the usual manner. The thin sections
were examined, and the samples, prepared for scanning elec-
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Fig. 2. Scanning electron microscopy of clusters
ofglomerular cells 9 days after inoculation of rat
glomeruli. Note the microvilli present on each
cell (arrow). (x4,800)
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tron microscopy, were examined with an AMR scanning elec-
tron microscope.
Measurement of PG and Tx by radioimmunoassav. Unex-
tracted samples of media were assayed for PGE2, PGF2, TxB,,
and 6-keto-PFG1. Antiserum for PGE, was purchased from
Institut Pasteur 1171. The rabbit antisera against PGF2r, and 6
keto-PGF10 were prepared in our laboratory. Anti-TxB2 serum
was a gift from Dr. William Campbell, Dallas, Texas. 3H-PGE2
and 3H-PGF,,, were obtained from New England Nuclear,
Boston, Massachusetts. '251-histamine-6-keto-PGF1 and 125J
histamine-TxB, (New England Nuclear, Upjohn, Kalamazoo,
Michigan) were made in our laboratory using the methods of
Macloufet al 1181. PGE2, PGF2, TxB7, and 6-keto-PGF1a were
generously provided by the Upjohn Company. Kalamazoo,
Michigan. The sensitivities and specificities of these four RIA's
have been described [19].
On day 9, culture dishes were washed with medium 199
containing HEPES buffer. Two milliliters of this medium were
added to each dish followed by initial incubation for 30 mm at
37° C, 95% air, 5% carbon dioxide. One milliliter of medium was
then removed, and C20:4 (Sigma) in ethanol, A23 187 (Lilly) in
dimethylsulfoxide, All or Alil (Beckman) in Earle's balanced
salt solution, or medium 199 was added to the dishes, Following
further incubation for 30 mm, the remaining I ml of medium was
removed. The supernatant medium was added to tubes contain-
ing meclofenamate (27 p.M) (gift of Warner Lambert, Parke
Davis, Ann Arbor, Michigan) and stored at —20° C untiil
radioimmunoassay was done. For those experiments with the
sar1-thr8-AII analog (gift of Dr. M. C. Khosla, Cleveland Clinic
Foundation, Cleveland, Ohio), the initial and final incubation
times were 10 mm.
Calculations of angiotensin or ionophore stimulation of PG
biosynthesis were made by subtraction of the amounts of PG
synthesized during the basal or first incubation period from the
amount synthesized during the stimulated or second incubation
period and expressed as picograms per milligram of protein per
time.
Protein was assessed by the method of Lowry et al [20] using
bovine serum albumin (BSA) as a standard.
Evaluation of PG endproducts by thin-lover chromatography
(TLC). Nine days following inoculation of glomeruli, culture
dishes were washed with the incubation medium. Two millili-
ters of medium containing 1.0 p.Ci of 3H-C20:4 (60 to 100 Ci!
mmoles, New England Nuclear) was added to each of the
culture dishes. After 24 hours, the incorporation of C20:4 was
greater than 75%. The dishes were then rinsed three times with
medium 199 containing HEPES and BSA (I mg/mI) in the
presence or absence of meclofenamate (27 M). Medium con-
taining A23l87 (2 jiM), A23 187 (2 jiM) plus meclofenamate (27
p.M), All (I l.LM) or All (1 jiM) plus meclofenamate (27 jiM) was
added to culture dishes. Incubations were at 37° C in 95% air
and 5% carbon dioxide. After 30 mm, the medium was re-
moved, and 5 to 10 jig of nonradioactive PG standards (Upjohn)
and C20:4 (Sigma) were added to the samples. Also 0.5 nCi each
of '4C-arachidonic acid (50 mCi/mmoles), 4PGE2 (50 mCi!
mmoles), and 4CPGF7a (50 mCi/mmoles) were added for
calculations of recovery. Samples were acidified to a pH of 3.0
to 3.5 with I M citric acid followed by extraction twice with
three volumes of ethylacetate. After evaporation and resuspen-
sion in ethanol, an aliquot of this extract was applied to a silicic
acid TLC plate (E. Merck, Darmstadt, Federal German Repub-
lic) together with PG standards and developed twice in the
organic phase of the solvent system ethyl acetate iso-oclane
acetic acid : water (11:5:2:10 vol/vol). Authentic PG's were
located by exposing the plate to iodine vapor. The silica gel was
divided into 20 segments, cut into sections. and counted in a
liquid scintillation counter. To allow for comparison among the
tritiated products recovered after TLC, the disintegrations per
minute (dpm) were corrected for recovery of 4C-labeled stan-
dards, which was always greater than 65%. To minimize
S 
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None
C20:4 (3.3 ILM)
plus meclofenamate (27 l.J.M)
All (1 I.LM)
plus meclofenamate (27 IM)
A23187 (2 EM)
plus meclofenamate (27 liM)
Data are the means SEM, N = 8. PGE, PGF,,,, TxB,. and 6-keto-PGF1,, were measured by RIA of the supernatant media after 30 mm of
incubation.
ND is not detectable.
Fig. 3. Thin-layer chromatography of radioactive products synthesized
by glomerular epithelial cells following stimulation with lp.st All (left)
or 2 J,M A23187 (right) in the absence (—S) or presence (x—x) of
meclofenamate. Epithelial cells were labeled with 3H-C20:4 prior to
stimulation. Open circles (o—o) are the radioactive endproducts of 3H-
C20:4 incubated with medium alone in the absence of glomerular cells.
The peaks are identified by the comigration of authentic 6-keto-PGF1,,,
PGF2,,, TxB2, PGE2, and C20:4.
spillover of 14C counts into the 3H channel, we used narrow
windows for 14C (27 to 156 key) and 3H (0 to 12 key).
Results
Identification o,t glo,nerular cells. Transmission electron mi-
croscopy demonstrated clusters of polygonal cells that were
closely attached by desmosomes. The nucleus was ovoid, and
the cytoplasm contained abundant rihosornes, endoplasmic
reticulum, mitochondria, and occasional lipid deposits. The
surface showed microvilli (Fig. I). These features are character-
istic of epithelial cells [21]. Scanning electron microscopy
revealed clusters of the polygonal cells with many microvilli
extending outward (Fig. 2). On the basis of these studies, the
majority of glomerular cells, after 9 days of cultivation, were
identified as epithelial cells.
Prostaglandin production by glomerular epithelial cells. Ta-
ble I summarizes the RIA profile of prostanoids synthesized by
glomerular epithelial cells following 30 mm of incubation with
C20:4, All, and A23187. In the absence of added C20:4, PGE7
was the only detectable endproduct (510 190 pg/mg of protein
per 30 mm). Following incubation with C20:4 (3.3 i.M), the
concentration of PGE, increased 50-fold to 25,340 3.370 pg/
mg of protein per 30 mm. TxB2 was the second most abundant
product, with 10,490 2,770 pg/mg of protein per 30 mm.
PGF2u and 6-keto-PGF1 were synthesized in substantially
smaller amounts. There was greater than 85% inhibition of PG
synthesis when meclofenamate (27 p.M) was added to the
medium.
The profile of endproducts determined by RIA, after All
stimulation of glomerular epithelial cells, is summarized in
Table 1. PGE2 was the most abundant product with 7,890
1,430 pg/mg of protein per 30 mm. The synthetic rate for PGF2.
was significantly lower, 850 pg/mg of protein per mm. Both 6-
keto-PGF1 and TxB2 were only minimally detectable. Meclo-
fcnamate (27 p.M) eliminated the All-stimulated PG synthesis.
The radiochromatogram of glonierular epithelial cells prela-
beled with 3H-C20:4 and exposed to I M All, confirmed the
large amounts of PGE, (Fig. 3, left). Meclofenamate (27 tiM)
reduced this radioactive peak. Incubation of 3H-C20:4 with
medium, but without cells, resulted in a radiochromatographic
peak corresponding only to C20:4 (Fig. 3, left).
Because Aill appears to be equipotent with All in reducing
renal blood flow and inhibiting renin secretion [22, 231, it has
been suggested that All and Aill act via the same receptor in
the kidney [22]. To evaluate the effect of Alli on stimulation of
Addition
Table 1. PG and Tx synthesis by glomerular epithelial cells in cultur&5
PGE2 PGF,, TxB2
pg/mg prolein/30 mm incubation
510 190
25,340 3,370
3,660 1.010
7,890 1.430
ND
19,060 4,080
250 160
ND ND
2,980 550 10,490 2,770
ND 450-'- 90
830 350 120 30
ND ND
1,130÷320 3.020± 800
ND NI)
6-keto-PGF,,,
ND
1,360 350
ND
70± 20
ND
210± 70
ND
With All stimulation With A23187 stimulation
E
N=4
I SEM
E
5000
% 30000,
.1/0,0.
uJ
1000
o 2 4 6 8 10121416 0 2 4 6 810121416
Distance from origin, cm
Aill
iO 10—8 iO 10
Angiotensin cone., M
Fig. 4. Dose response curves for All- and Alli-stimulated PGE2
synthesis by glomerular epithelial cells. "C" represents control dishes
without angiotensin. The responses to All and All! were not signifi-
cantly different.
GIo,nerular cells and j,rosruglandin synthesis 473
PG synthesis, we compared dose-response curves for All and
Alli stimulation of PGE7 synthesis (Fig. 4). PGE was chosen
as a marker for PG synthesis. Our results indicated that there
was no statistically significant difference between the two dose-
response curves. The concentrations of All and Aill that
significantly stimulated PGE2 synthesis were 10 through 1.000
nM (P < 0.001). To evaluate the possibility that All- and AIll-
stimulated PGE2 synthesis were mediated via the same recep-
tors, we performed experiments using the octapeptide analog
sar'-thr8-AII. This peptide has been shown in other systems to
have high receptor binding affinity and low agonist activity [241.
Coincubation of the analog with the octapeptide All resulted in
an inhibitory shift of the All dose-response curve (Fig. 5, left).
In addition, coincubation of sar'-thr8-AII with the heptapeptide
A!!! resulted in a shift of the dose-response curve of the same
magnitude (Fig. 5, right).
Incubation of glomerular epithelial cells with the ionophore
A23187 resulted in an array of endproducts similar to that seen
with C20:4 (Table I). The synthesis of PGE, was greatest with
19,060 4,080 pg/mg of protein per 30 mm. TxB2 was second
most abundant with 3,020 800 pg/mg of protein per 30 mm,
whereas PGE2c. synthesis was 1,130 320 pg/mg of protein per
30 mm, and 6-keto-PGF1 was only minimally detectable. When
meclofenamate was added to the medium, there was greater
than 98% inhibition of PG synthesis. The dose-response curve
for A23 187-stimulated PGE, synthesis is shown in Fig. 6. The
concentrations of A23187, which resulted in significant stimula-
tion of PGE2 synthesis, were above 20 nM and below 200 nrvi (P
<0.001 for stimulation at 200 nM). Radiochromatographic TLC
confirmed the predominance of PGE2 and TxB2 endproducts
following stimulation of radiolabeled glomerular epithelial cells
with A23187 (Fig. 3, right). Both these peaks were partially
inhibited with meclofenamate.
Discussion
Our findings of PG synthesis by rat glomerular epithelial
cells, incubated with C20:4, support the previous report by
Sraer Ct al [5]. In addition, however, we have demonstrated Tx
synthesis by these cells and angiotensin and A23 187 stimulation
of PG and Tx synthesis. The predominant PG endproduct, after
All stimulation, was PGE2. Although previous reports have
suggested that PGE2 in the rat is a renal vasoconstrictor [25.
261, there is contrary evidence of a renal vasodilatory role for
A23187conc.m
Fig. 6. Dose response curve for A23 187-stimulated PGE2 by glo,nerular
epithelial cells. 'C" represents control dishes without ionophore.
PGE2 [27, 28] (Dunham, personal communication). Augmenta-
tion of angiotensin-mediated renal vasoconstriction by indo-
methacin [7, 8] suggests a physiologic interaction between All
and PG's. Consequently, stimulation of PGE2 synthesis in
glomerular epithelial cells may antagonize angiotensin-mediat-
ed renal vasoconstriction.
The stimulation of PGE2 biosynthesis by All led us to
investigate the role of AIll in glomerular epithelial cells. Other
studies have shown that Alil is equipotent to All in decreasing
renal blood flow and renin secretion [22, 23]. Blumberg et al [291
have demonstrated, in the isolated perfused rabbit kidney, that
A!!! stimulated the release of PGE2 measured by bioassay. The
similarity of dissociation constants of two competitive angioten-
sin antagonists for Al! and A!!! suggested to them that one
renal angiotensin receptor was involved with PGE2 release. ln
our study, dose-response curves for All- and AlIl-stimulated
PGE2 in epithelial cells were similar. In addition, the sar'-thr8-
All analog inhibited both Al!- and Alli-stimulated PGE2 syn-
thesis. Consequently, we suggest that in glomerular epithelial
cells the stimulation of PG synthesis by All and AIlI is
mediated by the same angiotensin receptor.
The concentrations of arachidonate endproducts after artgio-
tensin stimulation are different from those seen after incubation
with C20:4 or divalent cation ionophore. Whereas All stimulat-
ed mainly PGE7 synthesis, C20:4 and ionophore stimulation of
glomerular epithelial cells resulted in large concentrations of
both PGE2 and TxB2, Neeclleman et al [30] have suggested that
various pools of fatty acid cyclo-oxygenase may be tightly
coupled to different pools of C20:4, which in turn are linked to
specific membrane receptors for agonist peptides. It may be
that nonspecific stimulation of phospholipase by A23l87. or
provision of the substrate C20:4, allows synthesis of all prostan-
oids by epithelial cells, whereas interaction of the angiotensin
receptor with phospholipase. after receptor occupancy with
All, ultimately results in the release of C20:4 to a pool of cyclo-
oxygenase linked specifically to PGE2 synthesis. Schwartz]rnan
and Roz reached similar conclusions using the isolated and
perfused rabbit kidney [31]. This compartmentalization could
have physiologic importance because angiotensin elicits forma-
tion of only vasodilatory PGs whereas A23 187 and exogenous
E
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0
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U. 2000a0.
N=3
I = SEM
All
sar1 thr8AlI(10 M)
N=3
= SEM
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All! +
" sar'-thr-AI l( 10' M)
0
10000 0.
.0
0
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6000
0.
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N=4
I = SEM
0
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0
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0
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12000
4000
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Fig. 5. Inhibition of angiotensin-sti,nulated PGE synthesis (All, left;
Al!!, right) by the octapeptide sar'-thr8 -All. The concentrations of All
and AIlI were varied and that of sar'-thr8-AlI was constant at I x l0-
M.
i0 108 1O io
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C20:4 stimulate large amounts of vasoconstrictor Tx as well as
vasodilatory PG's.
The radiometric TLC demonstrated an unidentified product
at 12 cm that was not inhibited by meclofenamate. A similar
peak was also noted by Hassid, Konieczkowski [2] in their
studies of PG synthesis in isolated glomeruli. This peak was not
seen when 3H-C20:4 was incubated with medium alone, sug-
gesting that this substance was synthesized by glomerular cells.
The chromatographic mobility of this material is consistent with
that of an hydroxylated fatty acid. The failure to suppress the
appearance of this product with meclofenamate, a cyclo-oxy-
genase inhibitor, suggests that this may be a product of the
lipoxygenase pathway [321. Further studies with high perform-
ance liquid chromatography and agents that inhibit generation
of this substance may confirm its identity as a lipoxygenase
endproduct [33].
We have shown that (I) the predominant cell grown from the
glomerulus after 9 days in culture is the epithelial cell; (2) this
cell is capable of PG and Tx synthesis; (3) stimulation of PGE2
by All and Alil may be mediated by the same glomerular
cellular receptor, and (4) the relative concentrations of end-
products of PG synthesis, by epithelial cells, may be deter-
mined by specific coupling of membrane receptors with intra-
cellular phospholipase and subsequent linkage of specific pools
of C20:4 to both cyclo-oxygenase and the enzymes responsible
for conversion of endoperoxides to PGE,, TxA2, PGF2. and
PGI2
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